Several projects around the planet aim at building a new generation of superconducting magnets for particle accelerators, relying on Nb 3 Sn conductor, with peak fields in the range of 10-15 T. In this paper we give an overview of the main challenges for protecting this new generation of magnets. The cases of isolated short magnets, in which the energy can be extracted on an external dump resistor, and chain of long magnets, which have to absorb their stored energy and have to rely on quench heaters, are discussed. We show that this new generation of magnets can pose special challenges, related to both the large current density and to the energy densities.
INTRODUCTION
Protection of superconducting magnet is a fascinating subject that involves different branches of physics and engineering, as material properties at low temperatures, superconductivity, heat propagation and magnet design. For the new generation of accelerator magnets, aiming at the 10-15 T range provided by Nb 3 Sn, protection becomes a critical aspect.
It is usually stated that higher fields mean larger stored energies and this entails more challenging protection. This statement is not completely correct, since for long magnets the physical limit for hotspot temperatures is on the energy density in the coil rather than on the magnet stored energy. Indeed, this density in many Nb 3 Sn models is twice w.r.t. previous Nb-Ti accelerator magnets: there is no doubt that the new generation of magnets enters a new regime from the protection point of view: including protection from the start of the magnet design process is a must.
Here we will try to address the main issues in the interaction between magnet design and protection for accelerator superconducting magnets. We will give a special emphasis to the case of Nb 3 Sn conductor, which is being considered for the LHC upgrades. Starting with a discussion of the hotspot temperature, we outline the protection strategies with and without external dump, providing the relation to the main design parameters as current and inductance.
We then introduce the concept of time margin for protection, i.e. the time available to the protection system to quench all magnet before it reaches the limit in the hotspot temperature. We estimate this parameter for several cases, and we give the dependence on the design features, pointing out the relevance of the current density. The time margin is consumed by different operations of the protection system: we discuss here the detection time, related to the initial quench velocity, and the time needed by the heaters to quench the entire coil, which are two essential features of the problem. We conclude with a discussion of the inductive voltages which arise by an unbalance between parts of the magnet that are quenched and parts that are still superconductive.
HOTSPOT TEMPERATURE

Recall of adiabatic approximation
The basis of our analysis is the adiabatic equation of balance between heat given by Joule effect and specific heats
where I is the current in the magnet, A the cross sectional surface of the cable, ν the fraction of copper, c p ave the average volumetric specific heat, and ρ Cu the copper resistivity. Together with the Joule heating equation, one has a set of coupled nonlinear equations giving the current decay in the magnet I(t), in the adiabatic approximation [1] , and one can estimate the final temperature T ∞ in the coil. Note that since the resistivity depends on the magnetic field, the final temperature also depends on the position in the coil.
The right hand side of (1), integrated up the maximum acceptable temperature T max , is our "quench capital", i.e. what nature gives us to spend in terms of specific heats and resistivity to absorb the energy of the magnet:
its physical units are square of current times seconds, usually expressed in MIITs. The quench capital Γ depends only on the composition of the cable and on the magnetic field. It scales with the square of the crosssectional surface of the cable A, and is proportional to the copper fraction ν.
The left hand side of Eq. (1) 
The quench tax depends on the features of the magnet as inductance, current, and on the circuit (energy extraction, etc). It scales with the square of the current.
What to include in the capital
In the adiabatic approximation one has to make a hypothesis about the elementary cell that takes the heat. The most conservative hypothesis is to take the strand, i.e. the mix of superconductor and stabilizer. One can also assume that the Joule heating is also shared by the insulation and the epoxy (for impregnated coils). If the coil is not impregnated and operates in superfluid Helium, the contribution of HeII to the specific heat is very large below the transition temperature 2.17 K, so it plays a major role in the initial part of the heating. On the other hand, it becomes negligible w.r.t. the strands when the specific heat is integrated up to room temperature.
Elements which are more far from the original source of heating will take more time to contribute to the enthalpy. With typical time scales of the current discharge (0.1-0.5 s) the usual approximation takes into account of strand and insulation, but not wedges of the mechanical structure around the coil, see [2, 3] for more details.
In the following we will make the usual assumption of adiabatic codes, i.e., that the whole insulated coil shares the Joule heating, and the quantities in (1)-(3) will be referred to the insulated cable.
Limits to hotspot temperature
What is the maximum tolerable hotspot temperature guaranteeing no permanent degradation of magnet performances? A conservative limit can be established at 150 K [4, 5] , and in most cases room temperature is considered to be safe. Some experiments on Nb 3 Sn magnets showed no degradation up to 400 K [3] , and even more. For Nb 3 Sn magnets the temperature where the impregnation undergoes a phase transition can be considered a hard limit, see [3] for more details.
Since the quench capital Γ approximately scales with the square root of the temperature [1] , from 300 to 400 K one gets about 15% more, i.e. not such a dramatic increase. In the following, we will consider 300 K as a limit, knowing that this is a conservative value.
PROTECTION STRATEGIES
External dump resistor
We first assume that the energy can be extracted to an external dump resistor R d . The larger the dump resistance, the faster the decay:
where, neglecting the magnet resistance, the time constant can be expressed as:
The faster decay, the smaller is the quench tax Γ q (see Eq. 3). The limit to having large resistors is given by the voltage on the magnet
where the maximum voltage is of the order of 1 kV.
Taking the maximum allowed limit, the quench tax Γ q is given by
Where U is the magnet energy (we assume the linear case with constant inductance). So the condition of protection reads
The first observation is that Γ is independent of the magnet length, whereas Γ q is proportional to the length through the energy U. Therefore for longer and longer magnets the dump resistor strategy is less and less effective, due to the voltage limitation, i.e. the external dump resistor strategy is not independent of the magnet length. The second remark is that given an energy U, a magnet with larger cable (and less turns, i.e. lower inductance) has a more favourable energy extraction. In fact, the quench capital scales with the square of the area of the cable, whereas the quench tax scales with the current (see r.h.s. of Eq. 7), i.e. with the area of the cable. So in a case of external dump resistor, larger cable, higher currents and lower inductance ease protection, possibly allowing to satisfy the condition (7) .
As an example, we show the case of the insertion quadrupole Q4 for the LHC upgrade. This magnet has to provide 550 T of integrated gradient, and is individually powered. Considering a two-layer coil with 8.8 mm width cable, one obtains 128 T/m operational gradient with 20% margin on the loadline. This option does not satisfy the quench protection requirement (7), i.e. the external dump resistor cannot provide a full protection (see Table 1 ). On the other hand, a one layer option with double width cable of 15 mm allows a protection with the dump resistor only as Γ becomes greater than Γ q . Figure 1 : Cross-section of Q4 quadrupole for the LHC upgrade, one layer (left) and two layers (right) [6] . 
Scaling
If we consider two cases as in Fig. 1, i .e. if we go from two to one layer, doubling the coil width, and keeping the same energy density, the time margin does not change. We remind the reader that to compute the time margin we always consider the case with a magnet fully quenched at time zero. In fact current will double, inductance will be divided by four, but resistance as well (a factor two from shorter cable, and a factor two from cross-section) so the time constant is preserved. So in case of no external dump, rearranging the same coil with less layers and larger cables does not affect the time margin.
Dependence on magnet features
An estimate of the time margin for several accelerator magnets is given in Fig. 4 . One can see that Nb-Ti magnets as the LHC main dipole and the Nb-Ti option for the inner triplet upgrade have a time margin of 100-200 ms (depending on the layer, since the magnet is graded). Many cases of the new generation of Nb 3 Sn have a time margin reduced by more than a factor two, to about 50 ms (HD2, HFD, MQXF and 11 T). The 90 mm and 120 mm LARP quadrupole have even lower margin, 20-30 ms. It is interesting to see that the copper fraction which is usually considered to be the crucial parameter for protection, is not the only player in the game. An important variable is also the current density, which plays a major role. One can prove [8] and, moreover, it depends on some intensive properties of the magnet as the integral of specific heat as defined in (8) and the energy density U d over the coil, the copper fraction, and an average resistivity ρ of the stabilizer.
Here η is a parameter that depends on the magnet design (in our case in the range of 2-3 for most magnets) which hides the complexity of the problem.
This equation points out several interesting features:
• Provided that you manage to spread the quench in the whole magnet, relevant quantities for hotspot are intensive properties (energy density, current density, resistivity, copper fraction) and not extensive ones (energy, inductance, current). So large stored energies are not a problem for hot spot, but large energy densities are.
• There is a strong dependence on the current density, so an effective way of improving the aspects related hotspot temperature is to avoid too large current densities. This is clearly visible in Figure 5 : FrescaII has a large time margin since its operational current density is very low (200 A/mm 2 ). Conversely, TQ is a particular difficult magnet to protect due to its large current density of 750 A/mm 2 , giving only 20 ms of time to quench all magnet before reaching hotspot temperature.
The case of the LARP quadrupoles of 90 mm (TQ), 120 mm (HQ) and 150 mm aperture (MQXF) [9] is particularly interesting since without any change in copper ratio but reducing the current density one has obtained an easier protection, notwithstanding the increasing stored energy. 
Dependence on local field
At low temperatures, the resistivity of copper strongly depends on the magnetic field. At 1.9 K and 12 T the resistivity is five times lower than at 1.9 K and 0 T. For this reason if the heat does not get averaged over the whole coil, one can have large differences in the time margin between high field and low field zones.
As an example in Fig. 6 we consider the case of the 120 mm aperture quadrupole HQ: the time margin varies between 25 ms at 12 T up to 45 ms at 2 T. Note that since the cable is considered to be the basic cell, and due to the transposition of the cable, there is no strand in the magnet that sees less than 2 T. If there is no heat diffusion we will have a larger budget for the low field zones, which will become useful soon. If the heat diffusion plays an 
HOW TO SPEND THE TIME MARGIN
General budget
The time budget is the time available to the system to quench the entire magnet. It must be larger than the sum of different contributions:
• Detection time, i.e. the time needed to detect the quench. This is given by the resistance growth along the cable, related to the quench velocity, and to the thresholds used for detection.
• Validation time: once the threshold is reached there is a validation window (typically 5 to 10 ms) to avoid false triggers.
• Switch opening: typically 2 ms.
• Quench heater delay: time needed by the heaters to quench the magnet. It can be separated into: o Delay needed to start a quench somewhere in the coil -typically in the high field zone -what is usually measured as quench heater delay. o Delay between the start of the quench in the high field zone and the quench of the whole coil, including the low field zone. In the following we will treat the detection time and the heater delay.
Detection time and quench velocity
A quench is detected through the measurement of a voltage generated by the resistive transition. To compensate for the inductive voltage during the ramp, voltages of two symmetric poles are subtracted. The lower the threshold, the smaller is the detection time: the typical values of thresholds used in the LHC are V th =100 mV, fixed by the accelerator system.
The resistive voltage is proportional to the current and to the growing resistance, in first approximation as (9) where we define the quench velocity v q . The resistivity is constant within 10% in the range between 2 and 40 K, so one can write the detection time as For low fields one has two negative effects that tend to increase the detection time:
• The resistivity is considerably lower for lower fields: at 2 T one has a resistivity of 0.22 nΩ m, i.e. a factor three lower.
• The quench velocity is lower for low fields: it is proportional to the square root of the conductivity times resistivity divided by the temperature margin:
The temperature margin at 80% on the loadline, for Nb 3 Sn is ~4.5 K in high field and ~12.5 K in low field (2 T), so the ratio is about a factor 3. The product resistivity times conductivity changes from 12 T to 2 T of a factor that can be estimated between 1 and 2, according to the sources. So in the most pessimistic case the quench velocity is 2.5 times smaller. Putting together all the effects, one has a detection time which is 5 to 7 times larger in low field regions, increasing the detection time from 5 ms to 25 to 35 ms. These additional 20 to 30 ms are barely compensated by the larger budget available in the low field zone (see Figure 5 ). So quenches in low field zones are a critical issue due to larger detection times.
Heater delay
With a longitudinal speed of 10-20 m/s, a typical propagation from turn to turn of ~10 ms and between layers of ~50 ms, it appears clear that the growth of resistance due to the quench propagation is negligible, and the only way to have a fast dump is to quench most of the magnet rapidly through the quench heaters. So, the core of the protection problem is to model how the heat of the quench heaters propagates to the coil and how long it takes to quench the different zones of the coil.
A simple model is based on the estimate of the energy needed to bring the coil from the operational temperature T o to the current sharing temperature T cs
This model has one free parameter and allows to estimate the ratio in the delay between different conditions. The geometry of the heaters can be rather complex [11, 12] . For long magnets, heaters covering completely the 
and the voltage of the one layer case is a factor two smaller than the two layer case
We estimated the inductive voltage in the case of a magnet which has the outer layer totally quenched and the inner layer superconductive. This is what happens at the beginning of the quench for magnets with outer layer quench heaters. We considered an extreme case where the inner layer never quenches. Simulations are shown in Fig. 7 shows for six magnets including the LHC main dipoles. In many cases the resistance of the outer layer is not enough to guarantee a hotspot temperature below 300 K: after a certain time one has to quench also the inner layer, so the significant part is this simulation are only the first 50-100 ms. It turns out that all cases are in the range of 500-1000 V, so close to the threshold. This means that these designs associated with their magnet lengths are just at the limit of the tolerance for this case: magnets with significantly longer length would require a different design of the coil.
CONCLUSIONS
The new generation of Nb 3 Sn magnets, with peak fields in the range of 10-15 T, poses novel challenges for protection. Here we reviewed the aspects related to the hot spot temperature. We first considered the case of short magnets individually powered, which can be protected with external dump resistor and which profit of large cables and small inductances. Then we analysed the case of long magnets, or chain of short magnets, where the dump resistor strategy is not effective: large or small cables make no difference, and the magnet itself has to absorb its energy, relying on quench heaters.
We defined a novel concept of time margin, which gives the time allowed to the protection system to react before the magnet reaches too high temperatures, and we presented the relevant scaling law. This time margin allows to compare directly different designs and technologies. It turns out that if the Nb-Ti magnets had a time margin of 200-100 ms, with the new generation of Nb 3 Sn magnets the margin is 50 ms, and even 20-30 ms in some cases. The exception is FrescaII, since it relies on a very large coil and small current density.
We then discussed the time of reaction of the system, from the start of the quench to the instant at which all the magnet is quenched by the heaters. We discussed the different contributions, pointing out that a quench in a low field region can be as challenging as a quench in the high field regions, due to a larger margin, longer time to detect and a lower quench velocity. In general, one can state that 50 ms reaction time is challenging but typically achievable, whereas 30 or 20 ms seem impossible to achieve with present experience and technologies.
We finally discussed the main scaling for the inductive voltages that arise during quench. In this case, large cable and small inductances allow reducing the voltages. On the other hand, the voltages scale with the magnet length so they impose an upper limit to the magnet length.
